The activities of six enzymes which take part in the oxidation of valine by Pseudomonas putida were measured under various conditions of growth. The formation of four of the six enzymes was induced by growth on D-or L-valine: D-amino acid dehydrogenase, branched-chain keto acid dehydrogenase, 3-hydroxyisobutyrate dehydrogenase, and methylmalonate semialdehyde dehydrogenase. Branched-chain amino acid transaminase and isobutyryl-CoA dehydrogenase were synthesized constitutively. D-Amino acid dehydrogenase and branched-chain keto acid dehydrogenase were induced during growth on valine, leucine, and isoleucine, and these enzymes were assumed to be common to the metabolism of all three branched-chain amino acids. The segment of the pathway required for oxidation of isobutyrate was induced by growth on isobutyrate or 3-hydroxyisobutyrate without formation of the preceding enzymes. DAmino acid dehydrogenase was induced by growth on L-alanine without formation of other enzymes required for the catabolism of valine. D-Valine was a more effective inducer of D-amino acid dehydrogenase than was L-valine. Therefore, the valine catabolic pathway was induced in three separate segments: (i) 1-amino acid dehydrogenase, (ii) branched-chain keto acid dehydrogenase, and (iii) 3-hydroxyisobutyrate dehydrogenase plus methylmalonate semialdehyde dehydrogenase. In a study of the kinetics of formation of the inducible enzymes, it was found that 3-hydroxyisobutyrate and methylmalonate semialdehyde dehydrogenases were coordinately induced. Induction of enzymes of the valine catabolic pathway was studied in a mutant that had lost the ability to grow on all three branched-chain amino acids. Strain PpM2106 had lowered levels of branched-chain amino acid transaminase and completely lacked branched-chain keto acid dehydrogenase when grown in medium which contained valine. Addition of 2-ketoisovalerate, 2-ketoisocaproate, or 2-keto-3-methylvalerate to the growth medium of strain PpM2106 resulted in induction of normal levels of branched-chain keto acid dehydrogenase; therefore, the branched-chain keto acids were the actual inducers of branched-chain keto acid dehydrogenase.
Regulation of catabolic pathways for amino acids in bacteria must provide a mechanism for enzyme induction which is able to ignore amino acids of the amino acid pool, but which can respond to the amino acids in the medium. Histidine and tryptophan are not usually inducers of enzymes for their catabolism; rather the inducer is an early metabolite formed from these amino acids. Schlesinger, Scotto, and Magasanik (19) found that urocanate and not histidine was the inducer for the formation of enzymes of histidine catabolism in Aerobacter aerogenes. This conclusion was based on the finding that mutants which lacked histidine ammonia-lyase formed the other enzymes of the histidine catatolic pathway with urocanate in the medium, but not with histidine. Newell and Lessie (9) recently reported that urocanate was the inducer of histidine-degrading enzymes in Pseudomonas aeruginosa as well. Brill and Magasanik (2) determined that histidine ammonia-lyase and urocanase were coordinately induced in Salmonella typhimurium and most probably by urocanate rather than histidine.
In contrast to the relatively simple situation with histidine, several inductive events are required for induction of the complete trypto-phan catabolic pathway. The first two enzymes of the pathway, tryptophan pyrrolase and kynurenine formylase, were induced coordinately in Pseudomonas fluorescens by kynurenine (15) . Kynureninase, the third enzyme, was also induced by kynurenine, but at a rate different from that of the first two enzymes, and was the first sequentially induced enzyme. Therefore, there were two inductive events in the synthesis of the first three enzymes of tryptophan oxidation. Tryptophan itself was not an inducer of the pathway; Palleroni and Stanier (15) were able to prove this with a mutant lacking tryptophan pyrrolase. Kynurenine induced the formation of kynurenine formylase and kynureninase in the mutant, but tryptophan did not. Therefore, kynurenine appears to be the inducer of this segment of the pathway.
Many species of Pseudomonas oxidize tryptophan by way of anthranilate and catechol. Regulation of catechol and p-hydroxybenzoate metabolism was studied in Pseudomonas putida by Ornston (13) and in P. aeruginosa by Kemp and Hegeman (6) , and the same regulatory mechanisms appear to occur in both organisms. There are at least four inductive events between anthranilate and f3-ketoadipate.
Ornston has recently published a thorough review on regulation of catabolic pathways which covers this subject in detail (14) .
There are two known instances where an amino acid is the inducer of its own catabolic pathway. Mutants of Bacillus subtilis that lacked histidine ammonia-lyase produced urocanase and formiminoglutamate hydrolase when grown with histidine (3) . A mutant of S. typhimurium that lacked proline oxidase, the first enzyme of the proline catabolic pathway, formed pyrroline-5-carboxylate dehydrogenase when grown with proline (4).
The object of the present study was to investigate the regulation of valine catabolism in P. putida. Previous studies on valine catabolism from our laboratory were made with P. aeruginosa, and a proposal for the pathway of valine oxidation in this species is shown in Fig. 1 (1 MATERIALS AND METHODS Organisms. P. putida, strain PpG2, was obtained from I. C. Gunsalus at the University of Illinois. Mutants of P. putida unable to grow on valine as the sole source of carbon were obtained from R. R. Martin.
Cultural conditions. P. putida was grown at 30 C in the basal medium of Jacobson (L. A. Jacobson, Ph.D. thesis, Univ. of Illinois, Urbana, 1967) with the carbon sources added at the appropriate concentration. It was necessary to supplement media containing valine with 0.005% L-isoleucine to overcome toxicity of valine to P. putida (L. A. Jacobson, Ph.D. thesis). P. aeruginosa was grown in the same medium at 37 C.
Stock cultures of P. putida or P. aeruginosa were used to inoculate 5-ml amounts of complete medium which were incubated overnight at 30 and 37 C, respectively, with shaking. The 5-ml cultures were added to 1-liter batches of complete medium, which were incubated with aeration to the end of the log phase at 30 or 37 C. The cell crop was harvested by centrifugation and used as a source of enzyme for most of the induction experiments. Larger amounts of culture were needed to study the kinetics of enzyme induction and were obtained by inoculating 1 liter of culture into 14 liters of medium in a fermentor (Fermentation Design, Inc.) with aeration at 30 or 37 C to the end of log phase of growth. Growth was followed by diluting samples of the culture fivefold with water and reading at 660 nm with a Bausch & Lomb Spectronic 20 spectrophotometer.
Synthesis of substrates. 3-Hydroxyisobutyrate was synthesized by the method of Robinson and Coon (17) , and methylmalonate semialdehyde was prepared by the technique of Kupiecki and Coon (7) . Isobutyryl-coenzyme A (CoA), methacrylyl-CoA, and 3-hydroxyisobutyryl-CoA were synthesized by methods described by Stadtman (22) which were based on the method of Simon and Shemin (20 Branched-chain amino acid transaminase (EC 2.6.1.6) was measured by the assay of Taylor and Jenkins (23) .
The assay for branched-chain keto acid dehydrogenase was developed during the course of the present study. The Urbana, 1967) found that growth of P. putida on L-valine was stimulated by a trace of isoleucine in the medium. We have confirmed this observation and routinely included 0.005% isoleucine in media containing valine. P. putida will also grow with D-valine as the carbon and energy source if isoleucine is present in the medium, but the generation time is about twice as long as with L-valine. P. aeruginosa also grows more rapidly with L-valine, but isoleucine has no effect on the growth rate.
It is clear from the data shown in Tables 1  and 2 that the growth of P. putida and P. aeruginosa on valine resulted in the induction of Damino acid dehydrogenase, branched-chain keto acid dehydrogenase, 3-hydroxyisobutyrate dehydrogenase, and methylmalonate semialdehyde dehydrogenase. On the other hand, branched-chain amino acid transaminase and isobutyryl-CoA dehydrogenase were constitutive enzymes in both P. putida and P. aeruginosa. P. putida contained measurable levels of 3-hydroxyisobutyrate dehydrogenase and methylmalonate semialdehyde dehydrogenase when grown on glucose, succinate, or L-glutamate, but these two enzymes were not detected in P. aeruginosa grown under these conditions. The level of branched-chain keto acid dehydrogenase in extracts made from P. putida grown on valine was also markedly higher than those from P. aeruginosa.
Common pathway. There is evidence for a common pathway in the early reactions in the metabolism of all three branched-chain amino acids. It can be seen from the data in Table 3 that growth of P. putida on any one of the three branched-chain amino acids resulted in the induction of D-amino acid dehydrogenase and branched-chain keto acid dehydrogenase. However, the levels of 3-hydroxyisobutyrate dehydrogenase and methylmalonate semialdehyde dehydrogenase were low in those organisms grown on isoleucine and leucine. Therefore, the segment of the pathway up to the branched-chain keto acid dehydrogenase can be induced separately from the remainder of the pathway.
Induction of the isobutyrate segment of pathway. When P. putida was grown with isobutyrate as the carbon source, 3-hydroxyisobutyrate dehydrogenase and methylmalonate semialdehyde dehydrogenase were the only two enzymes of the valine catabolic pathway that could be detected in amounts distinctly higher than those observed in cells grown on glucose (Table 4 ). The conclusion made from these data is that these two enzymes at least can be induced separately from enzymes in the earlier part of the pathway. Growth of P. putida on propionate resulted in slightly higher levels of dehydrogenases for 3-hydroxyisobutyrate and methylmalonate semialdehyde. Growth of P. putida with 3-hydroxyisobutyrate Induction of D-amino acid dehydrogenase. D-Amino acid dehydrogenase of P. aeruginosa has a broad specificity similar to that of the kidney enzyme (8) . It seemed reasonable that this enzyme was not unique to valine metabolism and therefore it should be possible to induce its formation separately from the other enzymes of the valine catabolic pathway. The data in Table 4 show that this was indeed the case, since P. putida grown with L-alanine formed D-amino acid dehydrogenase at levels usually observed during growth on valine, whereas the activities of the other inducible enzymes of the pathway were low. The specific activity of D-amino acid dehydrogenase obtained when the organism was grown with Dvaline was considerably higher than with L-valine (Table 5) ; this was unexpected since both isomers of valine stimulated the formation of the same level of this enzyme in P. aeruginosa (8) . Extracts of P. putida were examined for the presence of valine racemase by the same method used previously (11) , and the result was negative as it was in the case of P. aeruginosa. L-Glutamate was included in the medium in order to obtain the same growth rates with D-and L-valine.
Kinetics of enzyme induction. (Table 6) .
Enzyme induction in mutants. Strain PpM2106 has lost the ability to grow on valine, isoleucine, and leucine, has a slightly impaired ability to grow on 2-ketoisovalerate, and grows normally on isobutyrate and 3-hydroxyisobutyrate. The enzymatic lesion in this organism appears to be in the formation of branched-chain amino acid transaminase ( Table 7) . The specific activities for the transaminase of the mutant were 40 to 60% of the level found in the wild type but were never undetectable. When strain PpM2106 was grown in the presence of valine and L-glutamate as the carbon source, there was no detectable branched-chain keto acid dehydrogenase (Table 7) . It is interesting, however, that nearly normal levels of 3-hydroxyisobutyrate and methylmalonate semialdehyde dehydrogenases were found. Addition of 2-ketoisovalerate, 2-ketoisocaproate, or 2-keto-3-methylvalerate to the medium caused the induction of branched-chain keto acid dehydrogenase (Table 8 ). These data provide evidence that the inducers of branched-chain keto acid dehydrogenase are the keto acids derived from valine, leucine, and isoleucine. Valine is clearly not an inducer (Table 7) , and since isobutyrate and 3-hydroxyisobutyrate were not inducers ( The difference between the two species of Pseudomonas in their response to the presence of D-valine in the medium is interesting. P. putida produces much higher levels of D-amino acid dehydrogenase with D-valine than with Lvaline, whereas there is no difference in enzyme levels in the case of P. aeruginosa under these conditions. Since neither organism has a detectable racemase for valine, the difference in response may be due to inducer recognition sites; the recognition site in P. aeruginosa responds to both D-and L-amino acids, while that in P. putida recognizes the D-amino acid much more efficiently. This problem was investigated further by another student in our laboratory who found that all the D-amino acids which served as substrates for D-amino acid dehydrogenase were much better inducers of the enzyme in P. putida than were the corresponding L-amino acids (I. A-L. Yeh, M.S. thesis, Univ. of Oklahoma Health Sciences Center, Oklahoma City, 1971). P. aeruginosa responded with the synthesis of comparable levels to either isomer of these same amino acids.
